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METHOD AND APPARATUS FOR THE AUTOMATIC 



SYNCHRONIZATION OF DYNAMIC ANGULAR AND 



TIME DOMAIN CONTROL SYSTEMS 



Field of the Invention 



The present invention relates to the synchronization of dynamic angular 
and time domain control systems, and in particular, to a hardware-based system 
for performing angle-to-time and time-to-angle conversions in a dynamic 
angular measurement and control system. 



When measuring the angular position of a rotating object via a periodic 
input that represents a rotation of a fixed number of degrees, it is often desirable 
to increase the resolution of the system by interpolating between inputs. If the 
angular velocity of the object is changing dynamically, the relationship between 
angle and time also changes, and the interpolation algorithm must be performed 
for each new input that is received. 

In the example of automotive powertrain control systems, there is a 
relationship between the angle of the crank shaft and the time between angles as 
the crankshaft rotates. The normal operation of a 4-cycle engine repeats itself 
every two revolutions of the crankshaft, or every 7209. Various events (e.g., 
opening or closing valves, generating sparks, injecting fuel, etc.) are desired to 
be triggered at time offset from a certain angular position. For example, it may 
be desired to trigger an event 10ms (milliseconds) prior to an angle of 609. The 
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control system then has to make a determination as to when 10ms prior to 606 
occurs. 

Typical prior art control systems rely upon the execution of software 
algorithms to perform these conversions. There are various problems with prior 
art control systems. For example, the software algorithms require significant 
CPU (central processing unit) computing and interrupt processing bandwidth. 
In addition there are delays in making the required determinations caused by 
CPU loading of other tasks and interrupt latency. Another problem is that the 
accuracy is limited in prior art systems. 

Brief Description of the Drawings 
The present invention is illustrated by way of example and not limitation 
in the accompanying figures, in which like references indicate similar elements, 
and in which: 

FIG. 1 is a block diagram of an angular time-based system. 

FIG. 2 is a block diagram of the angle manager shown in FIG. 1 . 

FIG. 3 is a block diagram of the angle clock adjust and predicted count 
shown in FIG. 2. 

FIG. 4 is a block diagram of the event manager shown in FIG. 1 . 

FIG. 5 is a diagram illustrating the time offset, time adjust, trigger 
degree, and degree adjust blocks shown in FIG. 4. 

FIG. 6 is a flow chart illustrating the operation of the time adjust and 
trigger degree blocks shown in FIG. 4. 

Skilled artisans appreciate that elements in the figures are illustrated for 
simplicity and clarity and have not necessarily been drawn to scale. For 
example, the dimensions of some of the elements in the figures may be 
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exaggerated relative to other elements to help improve the understanding of the 
embodiments of the present invention. 



Detailed Description 

5 As used herein, the term "bus" is used to refer to a plurality of signals or 

conductors which may be used to transfer one or more various types of 
information, such as data, addresses, control, or status. 

Generally, the present invention provides a hardware method and 
apparatus for performing conversions between two domains, for example angle- 
10 to-time and time-to-angle conversions in a dynamic angular measurement and 
H control system. In addition, the invention has the capability of updating 

Q scheduled event times of other hardware timers in the system that are being 

JU used to generate output events at some specific angular position in the future. 

CI 

ju One example of an application of the invention is in automotive 

r 1 5 powertrain control systems in which the position of the engine is determined 

jy from a pulsed signal generated by a rotating crankshaft that accelerates and 

u 

id decelerates over time. As mentioned above, traditionally, the interpolation of 

D 

u angular position between the pulses is performed in software calculations that 

consume significant CPU computing and interrupt processing bandwidth. The 
20 invention moves these calculations into hardware which consumes less CPU 
bandwidth, resulting in potential cost savings for the overall system. The 
invention also provides an improvement in the angular accuracy (by 
. approximately three times) of output event placement. Other advantages of the 
present invention include greater ease of use and reduced latency in responding 
25 to changes in RPM (revolutions per minute). 
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The invention will be described in the context of an engine control 
system. However, it should be understood that the invention can be applied to 
any system which requires the synchronization of dynamic and multi-domain 
systems. 

5 FIG. 1 is a block diagram illustrating an angular time-based system 10 of 

the present invention. The system 10 is shown with a timing wheel 12 which is 
mechanically coupled to an engine. A typical timing wheel 12 includes a 
plurality of teeth spaced around the periphery of the wheel 12. As the timing 
wheel 12 rotates with the engine, a sensor 14 senses the passage of each of the 
10 teeth. The sensor 14 generates a signal 22 which is indicative of the wheel 
£ position, and thus, the engine position. The purpose of the signal 22 is to 

5 provide a reference to keep the system in synchronization with the mechanical 

i y 

jjf system. Each tooth of the wheel 12 may correspond to a fixed number of 

M degrees (X degrees), such that the signal 22 will include a pulse whenever the 

= 15 wheel 12 rotates X degrees. In this example, the wheel would include 360/X 
teeth spread equally around the periphery of the wheel. In most engines today 
the number of degrees per tooth ranges from 1 degree per tooth up to 60 degrees 
per tooth. However, alternate embodiments may use any number of degrees per 
tooth. A typical timing wheel 12 may have one or two missing teeth or an 
20 additional tooth which provides a reference for the position of the wheel. 

FIG. 1 also shows an integrated circuit (IC) 16 which includes a 
microprocessor or CPU 24, an angle manager 26, and an event manager 28. 
Note that the CPU 24 may also be external to the IC 16. Also note that a typical 
system may include a plurality of event managers to trigger a plurality of 
25 events. Exemplary events may include the opening and closing of valves, 

initiating a spark, activating a pump, etc. For the purposes of clarity, only one 
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event manager 28 and one event 20 are shown. The angle manager 26 and 
event manager 28 are coupled to the CPU 24 via a system BUS 36. The CPU 
24, angle manager 26, and event manager 28 all receive a system clock signal 
34 from a clock 18. The angle manager 26 receives the signal 22 from the 
5 sensor 14 and provides information to the event manager 28. The event 
manager 28 generates an output 38 which is correlated to the position of the 
engine at a designated time. The output 38 is used to trigger an event 20. 

FIG. 2 is a block diagram of the angle manager 26 shown in FIG. 1. The 
angle manager 26 includes an edge match block 40 which receives the signal 22 
10 from the sensor 14. As mentioned above, the signal 22 is generated in response 
to the passage of a tooth on the timing wheel 12 which is attached to the 
S crankshaft. Therefore, each pulse in the signal 22 will correspond to the 

fU passage of a tooth on the timing wheel 12 past the sensor 14. The edge match 

P 

M block 40 compares the signal 22 to a degree clock signal 42 and determines 

2 1 5 whether the predicted count (described below) leads or lags the pulse from the 
fy sensor 14. In response to the comparison between the signal 22 and the degree 

U clock signal 42, the edge match block 40 generates a lead/lag signal 30 which 

S 

u indicates whether the degree clock signal 42 leads or lags the actual signal 22 

from the sensor 14. For example, if the appropriate pulse from the degree clock 

20 signal 42 leads the pulse from the signal 22, then the lead/lag signal 30 will 
indicate a lead. Similarly, if the appropriate pulse from the degree clock signal 
42 lags the pulse from the signal 22, then the lead/lag signal 30 will indicate a 
lag. The edge match block 40 also generates an edge signal 32 which indicates 
that an edge has been sensed by the sensor 14 (i.e., the edge signal 32 indicates 

25 when a tooth on the wheel 12 passes the sensor 14). 
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FIG. 2 also shows an angle time count block 44 which receives the 
system clock signal 34 and a signal 46 from the predicted count block 48 and 
generates the degree clock signal 42. The purpose of the angle time count block 
44 is to take the signal 46 (the number of clock cycles per degree) and generate 
5 the degree clock signal 42 such that each pulse in the degree clock signal 42 
represents a number of degrees or fractional degrees between each pulse in the 
signal 22. In other words, the angle time count block 44 takes the predicted 
count and generates a signal where each pulse in the signal represents the 
passage of one degree of the timing wheel 12 between pulses of the signal 22. 
1 0 Note that the pulses of the degree clock signal 42 may correspond to the 
N passage of one degree, multiple degrees, or fractional degrees. In the example 

C where teeth of the timing wheel 12 are separated by 20°, and where the 

vi 

rti resolution of the degree clock signal 42 is one degree, the angle time count 

S 

M block 44 will generate 20 pulses for each pulse in the signal 22. In this 

T 1 5 example, the 20 th pulse of the degree clock signal 42 is the pulse that the edge 

M 

ry match block 40 compares to the signal 22 to determine the occurrence of a lead 

u The degree clock signal 42 is also coupled to a degree count block 52 

which is a counter used to generate a reference degree signal 54. In the 

20 example of a 4-cycle engine, 720° represents one complete cycle of the engine. 
Therefore, in this example, the degree count block 52 would count from 0° to 
720° and generate the reference degree signal 54 which would indicate where in 
the 7200 cycle the engine is currently at in the rotation. Note that in other 
applications, a complete cycle may use different numbers of degrees, for 

25 example, 360°, 1440°, etc. 
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FIG. 2 also shows a predicted count block 48 and an angle clock adjust 
block 50 which are described in detail with respect to FIG. 3. The predicted 
count block 48 contains a value relating to the number of system clock pulses 
per degree. The predicted count block 48 also contains information relating to 
5 the change in system clock pulses per degree. At the passage of each tooth in 
the timing wheel 12 (i.e., each pulse in the signal 22) the angle clock adjust 
block 50 makes an adjustment to the information in the predicted count block 
48 in order to maintain the accuracy of the degree clock signal 42. 

FIG. 3 is a block diagram of the predicted count block 48 and angle clock 
10 adjust block 50 shown in FIG. 2. The predicted count block 48 includes an N- 
bit register 56. The N-bit register 56 includes a first portion 58 containing the 

3 most significant bits of the register 56. The number of bits M in the first 

us 

hj portion 58 may vary depending on the application in which the invention is 

u implemented. A second portion 46 of the register 56 contains all of the bits in 

15 the register 56. The value of the bits in the first portion 58 of the register 56 
defines a value which relates to the number of clock cycles changed per degree. 
This value is used as the number of clock signals per degree in which the 
predicted count is adjusted. A signal corresponding to the value will be referred 
to as NUMBER CLKSA/DEG signal 62, or #CLKSA/DEG signal 62. The M- 
20 bits in the first portion 58 of the register 56 are provided to add/subtract 

circuitry 64. In addition, the N-bits from the second portion 46 of the register 
56 are also provided to the add/subtract circuitry 64. The add/subtract circuitry 
64 also receives the lead/lag signal 30 as well as the edge signal 32. When the 
add/subtract circuitry 64 receives an edge signal 32, an adjustment is made to 
25 the value in the register 56. If the signal 30 indicates a lead (for example when 
the degree clock signal 42 leads the signal 22 from the sensor 14), then the 
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add/subtract circuitry 64 increases the value in the register 56 by adding the first 
portion 58 to the second portion 46 of the register 56. In other words, the most 
significant bits of the register 56 are added to the entire value in the register 56. 
If the signal 30 indicates a lag (for example when the degree clock signal 42 
5 lags the signal 22 from the sensor 14), then the add/subtract circuitry 64 

subtracts the value of the first portion 58 from the value in the register 56. The 
result of the addition or subtraction described above is provided back to the 
register 56 as a signal 66 representing an updated number of clock cycles per 
degree, referred to as NUMBER CLKS/DEG 66, or #CLKS/DEG 66. In this 
1 0 way, the number of clock signals per degree is dynamically updated based on 
information from the edge match block 40. 

5 

ui The size of M (i.e. the number of bits in the first portion 58 of the register 

n 

J 56) is constant for any given application. However, the value of M can be 

H varied depending on the requirements of the system. The value of M provides a 

1 5 scaling mechanism in which a larger value of M allows larger adjustments to be 

Kl made to the signal 66 relating to the number of clocks per degree. If the 

M 

Ly number of clocks per degree is very large (i.e. the value of N is large), then the 

•pa 

C value of M will be large and the amount by which the system adjusts the 

number of clocks per degree is relatively large. Similarly, when N is small, M 
20 will also be smaller. This feature helps to make fast adjustments to the number 
of clocks per degree. Note that the least significant bit of the first portion 58 
will always be set to "1" so that the predicted count will always be adjusted by 
some amount. 

FIG. 4 is a block diagram of the event manager 28 shown in FIG. 1. The 
25 function of the event manager 28 is to trigger one or more events at a 

predetermined time relative to the position of the engine. For example, it may 
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be desired to trigger an event at 10ms before 600. In order to trigger this event, 
the event manager 28 must determine when 10ms before 600 is. In this 
example, it will be assumed that 10ms is equal to 500 system clock cycles. This 
number will remain constant since the system clock is constant. The event time 
5 can then be thought of as occurring 500 clock cycles before 609. This example 
will also assume that there are 120 clock signals per degree (#CLKS/DEG). 
Note that this value will change over time as the speed of the crankshaft 
rotation varies. The event time (10ms before 600) must be converted into a time 
after a degree. By subtracting 120 clock cycles and one degree, the event time 
10 is converted to 380 clock cycles before 590. Additional similar conversions 

M 

Q convert the event time to 1 00 clock cycles after 550. Note that, under the 

a 

RJ assumptions above, 100 clock cycles after 550 is the same as 500 clock cycles 

C prior to 600. In order for this methodology to work properly, the number of 

u 

s 

W clocks per degree must be continually adjusted to ensure accuracy. 

S 

M 15 As mentioned above, the event manager 28 is coupled to the system BUS 

ns 

■ a 

H 36 as well as to various signals from the angle manager 26. Inputs to the event 

yy 

y manager 28 include the reference degree signal 54 and the degree clock signal 

42. A counter 68 receives the signals 54 and 42 and generates an output 78 
which is received by a match circuit 70. The output 78 of the counter 68 

20 provides an indication of what angle the system is currently at. The match 
circuit 70 compares the present angle of the system and a trigger degree angle 
related to the triggering of an event. A trigger degree block 74 includes a 
register which stores a value of a degree at which a desired event is triggered. 
In the example described above, a value relating to 550 would be stored in the 

25 trigger degree block 74. When a match occurs (i.e. the system is at 550), the 
match circuit 70 provides a signal 79 to the timer 72. The timer 72 also 
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receives an offset value from time offset block 76. The time offset block 76 
includes a register which stores a value relating to a number of system clock 
cycles (in the example above, 100 clock cycles). The output 38 is generated by 
the timer 72 to trigger the event 20. The event 20 is triggered after the 
occurrence of the degree stored in the trigger degree block 74, and after the 
number of system clock cycles stored in the time offset block 76 has lapsed. In 
the example above, the event 20 will be triggered 100 clock cycles after 550. 
Note that matching to a trigger (as shown for degrees) and counting down to 
zero (as shown for time), can be exchanged as desired for a more efficient 
circuit. 

As mentioned above, the degree clock signal 42 must be adjusted 
frequently in order to maintain the accuracy of the system. FIG. 4 shows 
degree adjust block 80 and time adjust block 82 which provide any necessary 
adjustments to the trigger degree block 74 and time offset block 76 based on 
adjustments made to the predicted count block 48. For example, if the number 
of clock cycles per degree increases, the time offset and trigger degree need to 
be adjusted accordingly (described below). The degree adjust block 80 and 
time adjust block 82 receive lead/lag signal 30, edge signal 32, #CLKS/DEG 
signal 66, and #CLKSA/DEG signal 62. 

FIG. 5 is a block diagram of the trigger degree block 74, time offset 
block 76, degree adjust block 80, and time adjust block 82. FIG. 5 illustrates 
how the trigger degree block 74 and time offset block 76 are adjusted as the 
predicted count is adjusted. The time adjust block 82 includes add/subtract 
circuitry 84. Similarly, the degree adjust block 80 include add/subtract circuitry 
86. The add/subtract circuitry 84 and 86 each receive as inputs the 
#CLKSA/DEG signal 62, lead/lag signal 30, the edge signal 32, and the 
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#CLKS/DEG signal 66. The add/subtract circuitry 84 also receives the value of 
a register 88 of the time offset block 76. The register 88 is an R-bit register 
which contains the value of the time offset (e.g., 100 in the example above). 
Each time that an edge signal 32 is received, the add/subtract circuitry 84 will 
5 add or subtract the value of #CLKSA/DEG to the value of the register 88 
depending on the value of the lead/lag signal 30. If the lead/lag signal 30 
indicates a lead, then the value in the register 88 is added to the value of the 
#CLKSA/DEG signal 62. The sum is provided back to the register 88 to update 
the time offset block 76. In the case where the value of the updated time offset 
1 0 is greater than or equal to the value of #CLKS/DEG (an overflow), an overflow 

H signal 90 is generated which instructs the add/subtract circuitry 86 to add a 

O 

Q degree (described below). At the same time, #CLKS/DEG is subtracted from 

JJJ the updated time offset. If the lead/lag signal 30 indicates a lag, then the value 

o 

M of the #CLKSA/DEG signal 62 is subtracted from the value in the register 88. 

S 15 The difference is provided to the register 88 as an updated time offset. If the 

H . 
fy updated time offset is negative (an underflow), then an underflow signal 92 is 

yj provided to the add/subtract circuitry 86 instructing it to subtract a degree. 

o 

y. Next, the #CLKS/DEG is added to the remainder, resulting in an updated time 

offset. 

20 As mentioned above, the add/subtract circuitry 86 adds or subtracts an 

amount corresponding to 1 degree to/from the value in a register 94 of the 
trigger degree block 74 if an overflow or underflow signal 90 or 92 is received. 
In other words, if an overflow signal 90 is received, one degree is added to the 
value in register 94, and if an underflow signal 92 is received, one degree is 

25 subtracted from the value in register 94. In addition, the value of the offset is 
adjusted so that it is greater than or equal to zero and less than #CLKS/DEG. 
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FIG. 6 is a flow chart illustrating the operation of the degree adjust block 
80 and time adjust block 82 shown in FIG. 5. The flow chart of FIG. 6 will be 
described in conjunction with various specific examples. In a first example, the 
following assumptions are made: #CLKS/DEG is 200, trigger degree is 550, 
5 time offset is 100 system clock cycles, and #CLKSA/DEG is 120. Note that for 
some embodiments of the present invention, the #CLKSA/DEG value is always 
an odd number as the binary value of #CLKSA/DEG always ends in one. 
However, setting #CLKSA/DEG equal to an even number in these examples is 
for illustrative purposes only; other values of #CLKSA/DEG could have been 
10 chosen. The process begins with step 100. At step 100, the process asks 
% whether an update trigger has occurred. An update trigger is a flag indicating 

y that the trigger degree block or time offset block has been updated. If not, the 

2 process proceeds to step 102 which asks whether an edge is received (edge 

signal 32). If no edge is received, the process starts over. When an edge is 
f 1 5 received, the process proceeds to step 1 04 which asks whether the predicted 

W count resulted in a lead or lag (lead/lag signal 30). If the predicted count 

H 

W resulted in a lead, the process proceeds to step 106. At step 106, the 

P #CLKS A/DEG ( 1 20) is added to the time offset (100). In this example, the 

result is an updated time offset of 220. At step 108, the process asks whether 
20 the updated time offset (220) is greater than or equal to the #CLKS/DEG (200). 
If not, the process would start over. In this example, the time offset is greater 
than the #CLKS/DEG and the process proceeds to step 110. At step 110, one 
degree is added to the register 94 via add/subtract circuitry 86, resulting in an 
updated trigger degree of 569. Next, at step 1 12, the #CLKS/DEG (200) is 
25 subtracted from the remainder (220). The result of the subtraction in this 
example is 20. The process then proceeds again to step 108. Since the time 
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offset (20) is less than the number of #CLKS/DEG (200), the process starts 
over. In this first example, the event initially was triggered at 100 clock cycles 
after 550. After the update process, the event will be triggered at 20 clock 
cycles after 560. 

5 In a second example, using the same assumptions, where the predicted 

count results in a lag, the process proceeds from step 104 to step 114. At step 
1 14, the #CLKSA/DEG (120) is subtracted from the time offset (100). This 
results in an updated time offset of -20. The process then proceeds to step 1 16 
which asks whether the time offset is negative. If not, the process would 
1 0 proceed to start. If the time offset is negative, the process proceeds to step 1 1 8 
where a degree is subtracted from the register 94 of the trigger degree block 74, 
resulting in an updated trigger degree of 540. At step 120, the #CLKS/DEG 
(200) is added to the remainder (-20) resulting in 180. The process then 
proceeds to step 1 16 again. At step 1 16, the process will proceed to start since 
J\ 15 the time offset is now 1 80, which is greater than zero. If the time offset would 
have still been negative, the process would proceed to step 118. After the 
update process, the event will be triggered at 180 clock cycles after 540. In both 
instances, the event will triggered at a desired time (e.g. 10ms prior to 600). 
A third example makes the same assumptions except with a 
20 #CLKSA/DEG of 20 as opposed to 120. The process proceeds the same as 

before up to step 104. At step 104, the process asks whether the lead/lag signal 
30 indicates a lead or a lag. If the signal 30 indicates a lead, the process 
proceeds to step 106. At step 106, the #CLKSA/DEG (20) is added to the time 
offset (100) resulting in 120 as an updated time offset. At step 108, the process 
25 asks whether the time offset (120) is greater than or equal to the #CLKS/DEG 
(200). In this example, the results of step 108 is no and the process proceeds to 
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start. In this example, after the update process, the event will be triggered at 
120 clock cycles after 559. If the lead/lag signal 30 indicates a lag, the process 
proceeds from step 104 to step 1 14. At step 1 14, the #CLKSA/DEG (20) is 
subtracted from the time offset (100) resulting in 80. The process proceeds to 
5 step 1 16 or the process asks whether the updated time offset (80) is less than 
zero. In this example, the result of step 1 16 is no and the process proceeds to 
start. In this example, after the update process, the event will be triggered at 80 
clock cycles after 559. 

In a fourth example, the same assumptions apply as did for the first two 
10 examples. In addition, the fourth example assumes that the time offset is 
q updated by the software running on the CPU. Examples of why the software 

'% may update the time offset includes adjustments as a result of changes in RPM, 

Ji engine loading, fuel mixture, pre-ignition or knock, etc. In this example, the 

f° time offset is updated to be -80 rather than 100. At step 100, the process asks 

j\ 15 whether an update trigger has been received. In this example, the result of step 
100 is yes and the process proceeds to step 122. At step 122, the process asks 
W whether the time offset (-80) is less than zero. In this example, the result of 

ted 

H step 122 is yes and the process proceeds to step 118 where a degree is 

subtracted from the register 94. The process proceeds to step 120 where the 

20 #CLKS/DEG (200) is added to the remainder (-80) resulting in 120. The 

process then proceeds to step 1 16 where the process asks whether the new time 
offset (120) is less than zero. If so, the process proceeds to step 118. If not, the 
process proceeds to start. In this example, after the update process, the event 
will be triggered at 120 clock cycles after 549. 

25 In a fifth example, the same assumptions above are made except that the 

time offset is updated by the software to be 220. At step 100, the process asks 
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whether an update trigger was received. In this example, the result of step 100 
is yes and the process proceeds to step 122. At step 122, the process asks 
whether the time offset (220) is less than zero. In this example, the result of 
step 122 is no and the process proceeds to step 108. At step 108, the process 
5 asks whether the time offset (220) is greater than or equal to the #CLKS/DEG 
(200). In this example, the result of step 108 is yes and the process proceeds to 
step 1 10 where a degree is added to the register 94 of the trigger degree block 
74 resulting in a new trigger degree of 560. The process then proceeds to step 
1 12 where the #CLKS/DEG (200) is subtracted from the remainder (220) 

10 resulting in 20. The process then proceeds back to step 108. In this example, 
the time offset (20) is less than the #CLKS/DEG (200) and the process proceeds 
to start. In this example, after the update process, the event will be triggered at 
20 clock cycles after 569. 

In a sixth example the same assumptions are used as were used in the 

1 5 fifth example except that the time offset is updated by the software to be 1 1 0. 
At step 100, the process asks whether an update trigger has been received. In 
this example, the result of step 100 is yes and the process proceeds to step 122. 
At step 122, the process asks if the time offset (1 10) is less than zero. In this 
example, the result of step 122 is no and the process proceeds to step 108. At 

20 step 108 the process asks whether the time offset (1 10) is greater than or equal 
to the #CLKS/DEG (200). In this example, the result of step 108 is no and the 
process proceeds to start. 

In the foregoing specification, the invention has been described with 
reference to specific embodiments. However, one of ordinary skill in the art 

25 appreciates that various modifications and changes can be made without 
departing from the scope of the present invention as set forth in the claims 
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below. Accordingly, the specification and figures are to be regarded in an 
illustrative rather than a restrictive sense, and all such modifications are 
intended to be included within the scope of present invention. 

Benefits, other advantages, and solutions to problems have been 
described above with regard to specific embodiments. However, the benefits, 
advantages, solutions to problems, and any element(s) that may cause any 
benefit, advantage, or solution to occur or become more pronounced are not to 
be construed as a critical, required, or essential feature or element of any or all 
the claims. As used herein, the terms "comprises," "comprising," or any other 
variation thereof, are intended to cover a non-exclusive inclusion, such that a 
process, method, article, or apparatus that comprises a list of elements does not 
include only those elements but may include other elements not expressly listed 
or inherent to such process, method, article, or apparatus. 



-16- 



